EDITORIAL REVIEW

Nitrous oxide and the cobalamins
Vitamin B,, is able to cleave the anaesthetic gas nitrous oxide and in the process is itself oxidized to an inactive form. This has provided an opportunity for exploring the effect of vitamin B,, deficiency in the experimental animal as well as in man, and hence for unravelling some of the tangled skeins of vitamin B,,-folate interrelations.
Clinical observations
Nitrous oxide, like xenon, was an inert substance. However, Henriksen, Neukirch & long regarded as in 1956 Lassen, Kristensen in Copenhagen reported severe bone-marrow depression in patients with tetanus who had received nitrous oxideloxygen (1 : 1, v/v) to control their spasms. Treatment for up to 6 days was accompanied by pancytopenia and megaloblastic marrow changes indistinguishable from that in pernicious anaemia. Similar findings were reported from St Bartholomew's Hospital (Amess, Burman, Rees, Nancekievill & Mollin, 1978) in patients receiving nitrous oxide analgesia during and after open heart surgery. Withdrawal of nitrous oxide reversed these changes and tests on the utilization of deoxyuridine for thymidine synthesis (a vitamin B ,,-folate-dependent step) indicated a pattern like that seen in cobalamin deficiency.
At meeting was followed by the recognition of similar cases throughout the United States where nitrous oxide is the common dental anaesthetic (Layzer, 1978) . These patients show both peripheral nerve and cord involvement. All the patients were dentists except one who was a hospital technician. One dentist was exposed through faulty anaesthetic equipment and another from exceptionally heavy use of nitrous oxide in dental anaesthesia for 28 years.
The initial symptom is usually numbness or tingling in the hands or legs, but a few patients have loss of dexterity in the fingers, poor balance and leg weakness. Numbness eventually affects legs and usually arms. Gait may become unsteady and some may be unable to walk unaided. Seven of 15 patients had impotence, four had spastic bladder and bowel symptoms or constipation. Seven were depressed with memory impairment. On examination there is a loss of tendon reflexes at an early stage followed by brisk reflexes and extensor plantars. There is an impaired sense of vibration and impairment of touch, a positive Romberg sign and a wide gait; there are abnormalities of nerve conduction, both motor and sensory. Recovery follows the withdrawal of nitrous oxide but this is not hastened by treatment with vitamin B,? The blood of these patients (other than one who had hypersegmented neutrophils) was reported as normal.
There are suggestions that personnel exposed to nitrous oxide, as in operating theatres and dental surgeries, have an increased incidence of neuropathy and abortion and that their offspring have a higher incidence of congenital abnormalities (Cohen, Brown & Wu, 1979 ).
Chemistry
The basis on which nitrous oxide might affect cobalamin in vivo has been worked out by Banks, Henderson & Paul (1968) . They reported on reactions between nitrous oxide and a range of transition-metal complexes, of which cobalamin was one. The nitrous oxide was cleaved to release free nitrogen and supplied electrons which oxidized the reduced Co[II in vitamin B,, to the oxidized and inactive Co [III] .
In the test tube this reaction is readily visible since the grey-green colour of coblIlalamin becomes converted into the reddish colour of cob[IIIlalamin.
Effects on cobalamin coenzyme
This reaction with nitrous oxide, both in vivo and in vitro, provides an opportunity for studying the effects of vitamin B,, inactivation and its consequences. Five vitamin B,, analogues have been described in tissues. Two occur in trace amounts usually in plasma, namely cyanocobalamin and sulphitocobalamin, and have no physiological role. A third, hydroxocobalamin, may be an intermediary in cobalamin metabolism. The remaining two are the major BIZ-coenzymes in mammalian tissues, methylcobalamin and deoxyadenosylcobalamin. Further, only one pathway has been identified for each of these analogues in mammals. Adenosylcobalamin functions in methylmalonic acid metabolism, the enzyme involved being methylmalonyl-CoA mutase, and methylcobalamin functions in the synthesis of methionine, the enzyme involved being methionine synthetase.
Methionine synthetase. This enzyme, measured in the livers and brains of rats exposed to nitrous oxide/oxygen (1 : 1, v/v), is inactivated. A marked fall in enzyme activity is apparent after 30 min exposure and after 6 h the activity is virtually zero (Deacon, Lumb, Perry, Chanarin, Minty, Halsey & Nunn, 1978; Deacon, Lumb, Perry, Chanarin, Minty, Halsey & Nunn, 1980b) . The enzyme activity remained undetectable for the 1 5-day period of exposure. The animals remained well and lively. Return to normal atmospheric conditions was followed by a slow recovery of methionine synthetase activity extending over several days.
Methylmalonyl-CoA mutase. This, the second mammalian enzyme requiring cobalamin as a cofactor, is, however, unaffected by exposure to nitrous oxide even when the pathway is stressed with one of the precursors such as propionic acid (Deacon et al., 1978) . The likely explanation for the difference in susceptibility of the two coenzymes is that only methionine synthetase requires reduced cobalamin, whereas the mutase may operate with an oxidized analogue. There are other differences, however; the synthetase is a cytosol enzyme whereas the mutase is a mitochondria1 one, but nitrous oxide is said to be able to penetrate such organelles with ease.
Stimulated human lymphocytes exposed to nitrous oxide show a loss of methylcobalamin whereas adenosylcobalamin remains unchanged (Linnell, Quadros, Matthews, Jackson & Hoffbrand, 1978) . Similarly, when rats are given labelled vitamin B before exposure to nitrous oxide, chromatography of liver extracts shows loss of labelled vitamin B,, in the position of the synthetase enzyme whereas the amount in the position of the mutase enzyme is unchanged (Kondo, Osborne, Podell, Kolhouse & Allen, 1979) . 
Effect on folate coenzymes
Uptake of folate
Pteroylglutamic acid is the oxidized but stable form of folate. It is not present in tissues but is convenient to use both clinically and in experimental work. It is converted into physiological analogues but its initial handling may be significantly different from physiological analogues. McGing, Reed, Weir & Scott (1978) showed that mice given nitrous oxide failed to incorporate pteroylglutamic acid into their livers in a normal manner. Reduced physiological folate analogues were studied by Perry, Chanarin, Deacon & Lumb (1979) . The hepatic uptake of all folate analogues given intraperitoneally was impaired in rats given nitrous oxide. Tetrahydro-and methyltetrahydro-derivatives were most severely affected and the formyl derivatives least affected.
Methyltetrahydrofolic acid undergoes an enterohepatic circulation, being excreted from liver into bile and then reabsorbed from the small gut. The impaired hepatic uptake results in a marked rise in plasma methylfolate and this elevation persists while inhalation of nitrous oxide is continued (M. Lumb, J. Perry, R. Deacon & 1. Chanarin, unpublished work).
Synthesis of folatepolyglutamate
Once folate reaches the liver some is excreted into bile (as methyltetrahydropteroylglutamic acid) and much of the remainder is converted into the folate coenzyme, which differs from the monoglutamate in having a chain of glutamic acid residues, usually five, by which the coenzyme binds to the apoenzyme. The animal given nitrous oxide shows impaired synthesis of polyglutamate, both with oxidized forms as substrate (McGing et al., 1978) and with some reduced physiological analogues (Perry et al., 1979) . Thus there was no detectable formation of polyglutamate from tetrahydrofolate and 5-methyltetrahydrofolate. However, synthesis was entirely normal when tetrahydrofolate with a formyl substituent was given. These include 5-formyltetrahydrofolate, 10-formyltetrahydrofolate and 510-methenyltetrahydrofolate.
The data show that the formation of folate polyglutamate itself is unaffected by exposure to nitrous oxide and that the impaired utilization affected folates that do not carry a formyl group. Formylfolates presumably are the required substrates and vitamin B,, is concerned in their provision.
Liver folate
If the methylfolate trap hypothesis is correct there should be an accumulation of methyltetrahydrofolate in liver of animals given nitrous oxide. Instead there was a steady loss of folate from the liver on exposure to nitrous oxide, most rapid in the first 48 h, and after 10 days 75% of folate had disappeared from the liver (Lumb, Deacon, Perry, Chanarin, Minty, Halsey & Nunn, 1980) .
There was a rise in methylfolate polyglutamate at 24 h but thereafter this too disappeared. The latter is due to loss of methionine synthetase activity. The overall fall in hepatic folate is due to cessation of polyglutamate synthesis from methyltetrahydrofolate, which is the circulating form, and to impaired uptake of folate by the liver. There was no methylfolate trap, in the sense that folate was not immobilized in this form.
Methylation of deoxyuridine to thymidine
This too is a folate-dependent step, the methyl donor being 510-methylenetetrahydrofolate. It can be tested in the deoxyuridine-suppression test, in which deoxyuridine is added to a suspension of marrow cells. These cells then convert deoxyuridine into thymidine (synthetic pathway). Thereafter ['Hlthymidine is added and any further requirement for thymidme is met by uptake of this compound (salvage pathway). Normally over 90% of thymidine required by normal marrow is met by synthesis from deoxyuridine and less than 10% from the uptake of preformed thymidine. In rats the deoxyuridinesuppression test becomes abnormal after exposure to nitrous oxide for 60 min. As with polyglutamate synthesis the effect of nitrous oxide is overcome largely by addition of formyltetrahydrofolate but not at all by addition of pteroylglutamic acid or 5-methyltetrahydrofolate, and relatively poorly by addition of tetrahydrofolate (Deacon, Chanarin, Perry & Lumb, 1980a) . The conclusions are the same as those reached in relation to the synthesis of folate polyglutamate.
Effects of nitrous oxide
Neurological. The nervous system of the rat did not show any histological changes after 8 months' exposure to nitrous oxide (Dinn, McCann, Wilson, Reed, Weir & Scott, 1978) , although methionine synthetase activity was not detectable when tested after 24 h of exposure (Deacon et al., 1980b) .
A monkey after 2 months' exposure to nitrous oxide became unsteady and uncoordinated with progressive ataxia. Histologically there was marked degeneration of both the myelin sheath and axis cylinders in the posterior and lateral columns of the spinal cord (Dinn et al., 1978) .
Haematological. Rats develop a neutropenia after several days exposure to nitrous oxide but do not show further changes (Kripke, Talarico, Shah & Kelman, 1977) . Haemopoiesis remains normoblastic but the deoxyuridine-suppression test becomes abnormal in the same way as with human megaloblastic marrow.
Conclusion
Nitrous oxide specifically blocks the activity of vitamin B,, in methionine synthesis and in the control of folate metabolism. The latter appears to be mediated through a failure of formylation of tetrahydrofolate. Both the failure to utilize tetrahydrofolate and the absence of accumulation of methylfolate make the methylfolate trap hypothesis unlikely. Further work is likely to throw considerable light on the mode of action of vitamin BIZ.
